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Reservoir Analysis
CVEN 5393: Water Resources Systems and 
Management
Prof. Joseph Kasprzyk
Topic 2
This is a version of the Spring 2017 lecture with some logistical information removed.  Contact us if you’re 
interested in learning more about course specifics!
Learning objectives
• Introduce what a reservoir is
• Apply control volume and conservation of mass principles to analyze 
storage in natural lakes and reservoirs
• Calculate required storage size for reservoirs using basic techniques
• Define reservoir terms: safe yield, critical period
• Discuss dam building trends in the US and globally
Introduction
Gross Reservoir Expansion Project, read 
more here: 
http://www.denverwater.org/SupplyPlanning/WaterSu
pplyProjects/Moffat/
http://soilandwater.ohiodnr.gov/safety/dam-safety#ABO
Reservoir schematic

Reservoirs smooth out surface water flow, through 
control and regulation, to make water available 
when and where it is needed.
Flow of the Nile 
River before and 
after the Aswan 
High Dam. 
http://archive.unu.
edu/unupress/unu
pbooks/80858e/80
858E05.htm
Reservoirs are operated seasonally based on 
different storage zones
http://integratedwater.blogspot.com/2011/03/simulation-of-reservoir-system.html
Although reservoirs afford reliable supply, there 
are issues with evaporation and seepage.
CU Reservoir Evaporation 
Workshop (2015)
http://clouds.colorado.edu/results.html
Techniques for estimating reservoir evaporation
• Common indirect techniques for 
estimating evaporation include: 
• Pan evaporation and pan coefficients 
• Water budget
• Energy budget
• Bulk mass transfer
• Combination of energy and mass transfer 
techniques
• The eddy covariance technique is a direct technique, 
and considered the most accurate if environmental 
conditions, physical setting, and experimental design 
is ideal 
• Eddy Covariance, EC (Enough Corrections!!)
• Hard to collect data on shore due to fetch issues
• Hard to collect data over water with float/buoy due 
moving horizontal plane
• Subject to energy balance blues…  
(Rn – G) = (LE + H)
Energy fluxes = Turbulent fluxes… but never do..
Folsom Reservoir, CA - American River
Funded by Reclamation and Cal. DWR
Eddy Covariance Station at American Falls 
Reservoir, ID - Snake River
Funded by Reclamation
CU Reservoir Evaporation 
Workshop (2015)
http://clouds.colorado.edu/results.html
Pan Evaporation
• Historically, evaporation for operations has been estimated using 
average pan evaporation data
• Pan data are widely known to have significant uncertainty both in 
magnitude and timing 
• Freezing conditions limit use of the pans
• No heat storage in a pan
• Often poorly sited and maintained
• Must determine the pan coefficient
Rye Patch Reservoir, Nevada - Humboldt River Basin
CoefEpanE *
Storage losses
• One estimate suggests ~10% of storage at 
Aswan High Dam in Egypt is lost to 
evaporation each year 
(http://www.internationalrivers.org/reso
urces/how-dams-affect-water-supply-
1727)
• Estimate from 1953-1994 of ~6.4 ft/yr
lost at Lake Mead, equivalent to 791,000 
acre-ft/yr. 
• For comparison: Lake Dillon, largest supply 
for Denver Water, has ~250,000 af capacity  
• Figure to the right shows that global 
losses at reservoirs is equivalent to 
human consumption (difficult to verify 
this source)
Reservoir Sizing and Terminology
We use the concept of a control volume to develop 
equations for a reservoir.
• A control volume is a volume in space that:
• Receives inputs of conservative quantity across the control surface 
• Stores some amount of it
• And releases it as output across the control surface
• Mass, energy, and momentum are conservative quantities.
• Water resources planning models must always consider conservation of mass, for 
water within the system.  This is also called continuity.
Input Output
Storage
Control Surface
Control Volume
Lake / Reservoir Mass Balance
• Lakes vs. reservoirs
• Release from a natural lake a 
function of topography and water 
surface elevation. It is not 
controlled or managed.
• Release from a (man made) 
reservoir is controllable
• Often a function of the time of 
the year
𝑆𝑡 + 𝑄𝑡 − 𝑅𝑡 − 𝐿𝑡 = 𝑆𝑡+1
S: storage
Q: net inflow
R: net discharge or release
L: evaporation and seepage losses
K: storage capacity
𝑆𝑡 ≤ 𝐾
[Loucks and van Beek, eq. 11.28a, p. 342]
Reservoir Sizing Basics
• Annual demand for water at a site may be 
less than inflow, but the time distribution 
of demand may not match the time 
distribution of inflows
• Surplus in some periods, deficit in others
• The reservoir stores water in periods of 
excess flow and allows regulation to meet 
demand
• Reservoir sizing problem:
• What is the required storage capacity, given a 
sequence of demands and inflows?
Dillon Reservoir is the largest water 
supply reservoir owned and operated 
by Denver Water. 
http://www.denverwater.org/recreatio
n/dillon.html
Four ways of doing reservoir analysis:
• Simple equations to estimate capacity: Mass Diagram and Sequent Peak (this lecture)
• Simulation modeling that can provide detailed characterization of performance, but 
cannot recommend optimal capacities
• How will my system perform if I operate it with these given rules?
• Optimization modeling, that can recommend optimal capacities and releases but often 
require simplifications of the system
• How should I set up my system to meet a desired goal, using a simplified treatment of its 
dynamics?  
• Simulation-optimization modeling is a combination of simulation models with 
optimization techniques to recommend plans
• How should I set up my system to meet a desired goal, using a detailed treatment of its dynamics?
Mass Diagram (Rippl) Analysis
• Rippl, W. (1883) “The capacity of 
storage reservoirs for water supply” 
Instit. Civ. Eng. Proc., 71, p. 270-278
• In general, find the maximum 
cumulative difference between 
desired releases (R) and inflows (Q)
Reading for Mass Diagram and Sequent Peak: 
Loucks and Van Beek, Ch 11, section 2.2.1
• Procedure
• Start with a full reservoir.
• Add and subtract releases from the initial 
storage volume.
• Repeat the process over two cycles of inflow.
• The maximum deficit volume is the required 
reservoir storage.
• Instructions in textbook
• Given in equation and graphical form
Mass Diagram (Rippl) Analysis: Procedure
𝐾𝑎 = maximum ෍
𝑡=𝑖
𝑗
𝑅𝑡 − 𝑄𝑡
where 1 ≤ 𝑖 ≤ 𝑗 ≤ 𝑇 [Loucks and van Beek, eq. 11.29, p. 343]
Mass Diagram (Rippl) Analysis: Example
• Inflows are 
1, 3, 3, 5, 8, 
6, 7, 2, 1.
• Required 
storage for 
two different 
release rates 
are shown
[Loucks and van Beek, fig. 11.12, p. 344]
Sequent Peak Method
Let Kt be the storage 
required in a time step t.
The maximum of all Kt is 
the required storage 
capacity for specified 
releases and flows.
𝐾𝑡 = 𝑅𝑡 − 𝑄𝑡 + 𝐾𝑡−1 if positive
= 0 otherwise
[Loucks and van Beek, tab. 11.2, p. 345]
• Uses constant releases
• For a monthly interval, this is problematic because demands are often 
seasonal
• The approach only works if the sum of desired releases does not 
exceed the sum of inflows
• Assumes future hydrology is like the past
• Thus it ignores climate change!
• Assumes 100% reliability
• This does not allow you to fail to meet demand (i.e. only meeting 90% of 
demand)
• Does not incorporate evaporation and other losses
Mass Diagram (Rippl) Analysis and Sequent 
Peak Analysis: Limitations
Courtesy Prof. Zagona
Other terminology
Courtesy Prof. Zagona
Perspective on Dam Building
Example: Tennessee Valley Authority (TVA)
• Challenges
• Floods
• No access to electricity
• Unreliable navigation
• Congress created the TVA 
(1933)
• Results
• Today, 165 billion kwh to 9 
million Americans
• Includes education and 
modernization of ag.
http://www.occupy.com/article/obamas-plan-privatize-tennessee-valley-authority
Video: http://youtu.be/p_aYuSEp5ds
In fact, large dam building dominated the 
1960s and 1970s
• Political and 
environmental 
arguments against dams
• World Commission on 
Dams report 
(http://www.internationalrivers.org/camp
aigns/the-world-commission-on-dams)
• Lending by World Bank 
on dams has fallen 
greatly in recent years
Fig. courtesy The Economist. See article:
http://www.economist.com/node/1906890
Courtesy Prof. Zagona
Courtesy Prof. Zagona
National Environmental Policy Act (NEPA)
• Federal project planning and decision-making requires 
environmental impact assessment
• consider environmental values alongside the technical 
and economic considerations
• Environmental impact assessment also calls for the 
evaluation of reasonable alternatives to a proposed 
Federal action
• solicitation of input from organizations and individuals 
that could potentially be affected
• and the unbiased presentation of direct, indirect, and 
cumulative environmental impacts.
http://www.epa.gov/compliance/basics/nepa.html
Courtesy Prof. Zagona
